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Effect of S5P α-helix charge mutants on inactivation
of hERG K+ channels
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The ether-à-go-go (EAG) family of voltage-gated K+ channels contains three subfamilies, EAG,

ether-à-go-go related (ERG) and ether-à-go-go like (ELK). The human ether-à-go-go related

gene (hERG) K+ channel has been of significant interest because loss of function in the hERG

channel is associated with a markedly increased risk of cardiac arrhythmias. The hERG channel

has unusual kinetics with slow activation and deactivation but very rapid and voltage-dependent

inactivation. The outer pore region of the hERG K+ channel is predicted to be different from

that of other members of the voltage-gated K+ channel family. HERG has a much longer linker

between the fifth transmembrane domain (SS) and the pore helix (S5P linker) compared to other

families of voltage-gated K+ channels (43 amino acids compared to 14–23 amino acids). Further,

the S5P linker contains an amphipathicα-helix that in hERG channels probably interacts with the

mouth of the pore to modulate inactivation. The human EAG and rat ELK2 channels (hEAG and

rELK2) show reduced or no inactivation in comparison to hERG channels, yet both channels are

predicted to contain a similarly long S5P linker to that of hERG. In this study, we have constructed

a series of chimaeric channels consisting of the S1–S6 of hERG but with the S5P α-helical region

of either hEAG or rELK2, and one consisting of the S1–S6 of rELK2 but with the S5P α-helical

region of hERG to investigate the role of the S5P linker in inactivation. Our studies show that

charged residues on the α-helix of the S5P linker contribute significantly to the differences in

inactivation characteristics of the EAG family channels. Further, individually mutating each of

the hydrophilic residues on the S5P α-helix of hERG to a charged residue had significant effects

on the voltage dependence of inactivation and the two residues with the greatest affect when

mutated to a lysine, N588 and Q592, both lie on the same face of the S5P α -helix. We suggest

that inactivation of hERG involves the interaction of this face of the S5P α-helix with a charged

residue on the remainder of the outer pore domain of the channel.

(Resubmitted 25 February 2006; accepted after revision 21 March 2006; first published online 23 March 2006)

Corresponding author J. Vandenberg: Electrophysiology and Biophysics Program, Victor Chang Cardiac Research

Institute, Level 9, 384 Victoria Street, Darlinghurst, NSW 2010, Australia.

Email: j.vandenberg@victorchang.unsw.edu.au

The human ether-à-go-go related gene (hERG) K+

channel is a member of the voltage-gated K+ channel
family (Warmke & Ganetzky, 1994) and encodes the
pore-forming α-subunit of the rapid delayed rectifier K+

channel (Sanguinetti et al. 1995). The hERG channel
has unusual functional characteristics under physiological
conditions. During the plateau phase of the cardiac action
potential, hERG passes little outward current but during
repolarization passes a significantly larger outward current
(Spector et al. 1996; Zhou et al. 1998; Hancox et al.
1998; Lu et al. 2001). This apparent inward rectification
of hERG current is due to slow activation and deactivation
kinetics but very rapid and voltage-dependent inactivation
kinetics (Sanguinetti et al. 1995; Schönherr & Heinemann,
1996; Smith et al. 1996; Spector et al. 1996; Zhou et al.
1998).

Inactivation of voltage-gated potassium channels can
occur by many mechanisms (Yellen, 1998). Inactivation
in hERG K+ channels most closely resembles C-type
(‘collapse’ of the pore) inactivation in Shaker K+ channels
(Smith et al. 1996). Both are slowed by an increase in
the permeant ion (K+) concentration or by extracellular
tetraethylammonium (TEA) (Hoshi et al. 1991; Yellen et al.
1994; Smith et al. 1996), and both are affected by mutations
in the outer pore region (Schönherr & Heinemann, 1996;
Smith et al. 1996; Ficker et al. 1998). However, in contrast
to C-type inactivation in Shaker channels, inactivation
in hERG channels is very rapid and voltage-dependent
(Schönherr & Heinemann, 1996; Smith et al. 1996; Spector
et al. 1996).

Voltage-gated potassium channels are composed of four
subunits, each with six transmembrane domains (S1–S6).
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The S5 and S6 domains along with the intervening pore
loop (P domain) from each of the four subunits form
the ion conductance pathway (Yellen, 2002). In early
studies of the molecular basis of inactivation in hERG
K+ channels, two serine residues, Ser620 and Ser631, in
the P domain were shown to be crucial for inactivation
(Schönherr & Heinemann, 1996; Smith et al. 1996; Ficker
et al. 1998; Herzberg et al. 1998). The outer pore region of
the ether-á-go-go subfamily of voltage-gated K+ channels
is unique among the voltage-gated ion channel family in
that it has an extra domain (∼40 residues) located between
the S5 domain and the P domain (i.e. the S5P linker;
Warmke & Ganetzky, 1994). The structure of the S5P linker
domain was recently determined using two-dimensional
NMR spectroscopy and shown to contain an amphipathic
α-helix (Torres et al. 2003). Furthermore, it was shown
that this amphipathic α-helix was crucial for normal
inactivation (Torres et al. 2003). Thus there appear to be at
least two distinct regions of the protein (i.e. the P domain
and the S5P linker) that contribute to inactivation in hERG
channel.

The human ether-à-go-go (EAG) family of channels
consists of three subtypes: EAG, ERG and the EAG-like
or ELK channels. The human ELK2 and EAG channels
(hELK2 and hEAG) show reduced or no C-type-like
inactivation in comparison to hERG channels (Becchetti
et al. 2002; Meyer & Heinemann, 1998; Camacho et al.
2000), yet both channels contain the long S5P helix
that is important for fast inactivation of hERG. To
investigate the role of the S5P linker in inactivation of EAG
family channels we have constructed a series of chimaeric
channels consisting of the S1–S6 of hERG but with the S5P
region of either hEAG or rat ELK2 (rELK2), and a chimaera
consisting of the S1–S6 of rELK2 but with the S5P region
of hERG. These studies show that charged residues that
lie adjacent to the hydrophobic face of the α-helix of the
S5P linker are important determinants of the inactivation
characteristics of the EAG channel family.

Methods

Molecular biology

HERG cDNA (a gift from Gail Robertson, University
of Wisconsin) was subcloned into a pBluescript vector
containing the 5′ untranslated region (UTR) and 3′

UTR of the Xenopus laevis β-globin gene (a gift from
Robert Vandenberg, University of Sydney). rELK2 cDNA
in pcDNA3 was a gift from Birgit Engeland (Zentrum fur
Molekulare Neurobiologie, Hamburg) and hEAG cDNA
in pcDNA3 was a gift from Laurent Bernheim (University
of Geneva). Mutagenesis was carried out on a BstEII/Bgl
II fragment (1119–1937 base pairs) of hERG using the
megaprimer PCR method. Briefly, an oligonucleotide
primer with the introduced mutation was used as the 5′

primer and a primer covering the Bgl II restriction site in
hERG was used as the 3′ primer in the first round PCR
reaction. The product of this reaction (the megaprimer)
was used as the 3′ primer and a primer covering the
BstE II restriction site in hERG was used as the 5′ primer
in the second-round PCR reaction. The product of the
second PCR reaction was digested with BstE II and Bgl
II and ligated into the hERG cDNA construct. Mutation
constructs were confirmed by bi-directional sequencing.
cRNA was synthesized, after linearizing the plasmid with
BamHI, using the mMessage mMachine kit (Ambion)
according to the manufacturer’s protocols. From here
on chimaeric channels are referred to by the channel
which forms the main body of the chimaera, followed
by the channel from which the S5P sequence was taken
(e.g. hERG/hEAG S5P).

Oocyte preparation

Xenopus laevis oocytes were prepared as previously
described (Clarke et al. 2000). Briefly, female Xenopus
laevis frogs were anaesthetized in 0.17% w/v tricaine and
segments of the ovarian lobes were removed through a
small abdominal incision. The follicular layer was removed
by digestion for 2–3 h with 2 mg ml−1 collagenase A
(Boehringer Mannheim USA) in OR-2 buffer containing
(mm): NaCl 82.5, KCl 2.0, MgCl2 1.0 and Hepes 5 (pH
adjusted to 7.5 with NaOH), and then rinsed with ND96
containing (mm): KCl 2.0, NaCl 96.0, CaCl2 1.8, MgCl2

1.0 and Hepes 5.0 (pH adjusted to 7.5 with NaOH). Stage
V and VI oocytes were isolated, stored in tissue culture
dishes containing ND96, 2.5 mm pyruvic acid sodium salt
and 0.5 mm theophylline supplemented with 10 μg ml−1

gentamicin, adjusted to pH 7.5 with NaOH and incubated
at 18◦C. All experiments were approved by the Animal
Ethics Committee of the University of Sydney. The animals
were humanely killed following the final collection of
oocytes.

Electrophysiology

Xenopus oocytes were injected with 5–10 ng cRNA and
incubated at 18◦C for 24–72 h prior to electrophysiological
recordings. All experiments were undertaken at room
temperature (21–22◦C). Two-electrode, voltage-clamp
experiments were performed using a Geneclamp 500B
amplifier (Axon Instruments). Glass microelectrodes had
tip resistances of 0.3–1.0 M� when filled with 3 m KCl.
Oocytes were perfused with ND96 solution (see above).
In all protocols a 10-mV step from the holding potential
of −90 to −100 mV was applied for 20 ms at the start of
each sweep to enable off-line leak correction. We assumed
that the leak was linear in the voltage range −140 to
+40 mV. Data acquisition and analysis were performed
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Figure 1. Steady-state inactivation of EAG family channels
A, typical example of currents recorded from wt hERG (a), wt rELK2 (b)
and wt hEAG (c) channels during a two-step voltage protocol (see top
trace) to measure steady-state inactivation. Arrows indicate zero
current. Single exponential functions were fitted to the deactivation
phase of the current traces and extrapolated back to the start of the
test pulse to estimate the peak current at each voltage for both wt

using pCLAMP software (Version 9.0, Axon Instruments)
and Excel software (Microsoft Corporation) as previously
described (Subbiah et al. 2004). All data are shown as
means ± s.e.m.

Steady-state inactivation

The voltage-dependence of inactivation was assessed using
a two-step voltage protocol. The cell was depolarized from
a resting membrane potential of −90 to +40 mV for
400 ms, to fully activate and inactivate the channels, and
then stepped to potentials in the range +40 to −140 mV
for 2 s. For high-impact charge mutants that caused large
positive shifts in the half-inactivation voltage (V 0.5), cells
were depolarized from −90 to +80 mV before stepping
from +80 to −120 mV. A single-exponential function
was fitted to the deactivation phase of the tail current
recordings and extrapolated back to the start of the test
pulse to obtain the peak current at each voltage (see Fig. 1).
Conductance values were obtained by dividing the current
values by the electrical driving force (i.e. test voltage minus
reversal potential) and the conductance–voltage data were
fitted with a Boltzmann function:

g/gmax = [1 + exp((V0.5 − Vt )/k)] − 1 (1)

Where g/gmax is the relative conductance, V t is the test
potential and k is the slope factor.

Steady-state activation

The voltage-dependence of activation was measured using
a standard isochronal tail current protocol (Sanguinetti
et al. 1995). Cells at a holding potential of −90 mV were
subject to 4-s depolarizing steps to voltages in the range
80 to +50 mV before stepping the voltage to −70 mV
where tail currents were recorded. Tail current data were
normalized to the maximum current value (Imax) and fitted
with a Boltzmann function (see eqn (1) above).

Results

Inactivation of wild-type EAG family channels

Injection of wild-type (wt) hERG into Xenopus
oocytes resulted in expressed channels leading to
resting membrane potentials of −56.6 ± 1.4 mV (n = 9)

hERG and rELK2 (see dashed lines and asterisks in a). These data were
then used to calculate conductance–voltage curves. B, conductance–
voltage curve for wt hERG (�) and wt rELK2 (•) inactivation. Data
points are mean ± S.E.M. and the curve fitted to the data is a
Boltzmann function (see eqn (1) in the Methods) with a V0.5 of
inactivation of −73 mV and slope factor of −29 mV (n = 9) for wt
hERG and a V0.5 of 32 mV and a slope factor of −9 mV (n = 5) for wt
rELK2.

C© 2006 The Authors. Journal compilation C© 2006 The Physiological Society



294 C. E. Clarke and others J Physiol 573.2

Figure 2. EAG family S5P chimaera characteristics
Upper panel, alignment of the residues of the S5P linker of hERG, rELK2 and hEAG is shown at the top of the
figure below a cartoon depicting wt hERG structure. The demonstrated α-helical region (Torres et al. 2003) is
boxed. The charged residues of interest within the α-helical region of rELK2 are highlighted. Aa, steady-state
inactivation of hERG/hEAG S5P chimaera. Typical example of currents recorded from hERG/hEAG S5P channels
during a steady-state inactivation voltage protocol (see Fig. 1A) are shown. Arrow indicates zero current. Ab, the
conductance–voltage plot of hERG/hEAG S5P (�). The curve fitted to the hERG/hEAG S5P data is a Boltzmann
function with a V0.5 of inactivation of −57 mV and a slope factor of −31 mV (n = 5). The dotted line shows the
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compared to −22 ± 1.6 mV (n = 7) in non-injected
oocytes. Figure 1Aa shows a representative family of
current traces from an oocyte injected with wt hERG
channels during a 400-ms depolarization to +40 mV
from a holding potential of −90 mV and subsequent
repolarization to voltages in the range +40 to −140 mV
in 10-mV steps. There is relatively small current flow at
+40 mV, as hERG channels open slowly and inactivate
rapidly. During the subsequent repolarization steps there
is rapid recovery from inactivation and hence an increase
in current is seen, followed by a slower decay in the current
as the channels deactivate.

Injection of wt rELK2 and wt hEAG into Xenopus
oocytes resulted in expressed channels leading to
resting membrane potentials of −51.8 ± 2.7 mV (n = 12)
and −60.9 ± 4.2 mV (n = 9), respectively. Although the
negative resting membrane potential of injected oocytes
indicated good expression of wt rELK2, currents were very
small (e.g. see Fig. 1Ab) with a maximal outward recorded
current (at 10 mV) of 245.4 ± 62.4 nA (n = 6) compared
to 2.2 ± 0.4 μA (n = 10) maximal outward current (at
−40 mV) for wt hERG and 25.1 ± 8.0 μA at +40 mV
(n = 6) for wt hEAG (Fig. 1Ac). It was therefore difficult to
obtain data for wt rELK2 channels, particularly at positive
holding potentials. Nevertheless, there is noticeably much
less inactivation seen in wt rELK2 channel recordings
(Fig. 1Ab). There was no inactivation visible in wt hEAG
currents (Fig. 1Ac). These results are consistent with
previous studies of rELK2 and hEAG channels (Engeland
et al. 1998; Occhiodoro et al. 1998; Ganetzky et al. 1999;
Bauer & Schwarz, 2001; Becchetti et al. 2002).

Steady-state inactivation curves were derived from
the current recordings of wt hERG and wt rELK2 by
first fitting single exponentials to the deactivation phase
of the tail currents (see dashed lines in Fig. 1Aa) and
extrapolating these fits back to the start of the test pulse
to obtain the peak current at each voltage (see asterisks
in Fig. 1Aa). The resulting current–voltage relationships
can be converted to conductance–voltage relationships by
dividing the current by the driving force (test voltage
minus reversal potential). The curve fitted to the data
in Fig. 1B is a Boltzmann function (eqn (1)). Plotting
the conductance of the channel against voltage clearly
highlights the fact that maximal conductance of wt hERG
is seen at very negative voltages while the channel is almost
non-conducting at +40 mV (see Fig. 1B). Inactivation
in wt rELK2 is greatly reduced compared to wt hERG
with an apparent V 0.5 of 31.8 ± 3.4 mV and a slope

Boltzmann fit to the wt hERG data from Fig. 1B. Ba, typical example of currents recorded from hERG/rELK2 S5P
chimaera channels during a steady-state inactivation voltage protocol (see Fig. 1A). Arrow indicates zero current.
Bb, the conductance–voltage plot of hERG/rELK2 S5P (�) compared with wt hERG (dotted line) and wt rELK2 (•).
The curve fitted to the hERG/rELK2 S5P data is a Boltzmann function with a V0.5 of inactivation of 27 mV and a
slope factor of −34 mV (n = 4). The data for wt hERG and wt rELK2 are reproduced from Fig. 1B.

factor of −9.2 ± 1.7 mV (n = 5) compared to V 0.5 of
−73.0 ± 3.9 mV and a slope of −29.9 ± 1.3 mV (n = 9)
for wt hERG. The mean (± s.e.m.) data for the V 0.5 and
slope factors for steady-state inactivation (and activation,
see below) for all channels investigated in this study are
summarized in the Supplemental material.

Inactivation of hERG/hEAG
and hERG/rELK2 chimaeras

We (Torres et al. 2003) and others (Liu et al. 2002; Jiang et al.
2005) have suggested a role for the long S5P extracellular
linker, and in particular an α-helical region of 10 amino
acids within the linker (see Fig. 2), in hERG inactivation.
HERG, hEAG and rELK2 are all predicted to contain an
α-helical region within their S5P linkers (see upper panel
in Fig. 2), yet each of these EAG family members do not
inactivate in the same manner. To study the exact role of
the S5P linker region in hERG, hEAG and rELK2 channel
inactivation, we created chimaeras consisting of the S1–S6
regions of wt hERG and the S5P linker region of either
hEAG (hERG/hEAG S5P) or rELK2 (hERG/rELK2 S5P).

hERG/hEAG S5P

Injection of hERG/hEAG S5P cRNA into Xenopus
oocytes resulted in channel expression leading to
resting membrane potentials of −59.0 ± 2.2 mV (n = 9).
Steady-state inactivation protocols produced currents
that resembled wt hERG (see Fig. 2Aa and compare
to Fig. 1Aa), with reversal potentials of −93 ± 3.7 mV
(n = 5), although the voltage dependence of inactivation
was slightly shifted to the right (Fig. 2Ab). The currents
rapidly inactivated at positive potentials with a V 0.5 of
−57.4 ± 4.1 mV and a slope of −30.8 ± 1.6 mV (n = 5)
compared to V 0.5 of −70.3 ± 6.1 mV and a slope of
− 27.9 ± 0.8 mV (n = 6) for wt hERG (Fig. 2Ab).

These data suggest that changes in the residues of the
S5P region of hEAG compared to those of hERG are not
the reason for the lack of inactivation seen in wt hEAG
channels, which is consistent with previous observations
by Ficker et al. (1998) and Herzberg et al. (1998).

hERG/rELK2 S5P

Injection of hERG/rELK2 S5P RNA into Xenopus
oocytes resulted in channel expression leading to
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resting membrane potentials of −48.8 ± 1 mV (n = 6).
Steady-state inactivation protocols produced currents
that looked essentially like wt rELK2 (see Fig. 2Ba
and compare to Fig. 1Ab) with reversal potentials of
−87 ± 2.5 mV (n = 5). The currents were larger than that
observed for wt rELK2 (maximal current at −10 mV was
0.58 ± 0.04 μA, n = 5, compared to 0.25 ± 0.6 μA, for wt
rELK2) although still not as large as seen with wt hERG
(2.2 ± 0.4 μA). Inactivation in hERG/rELK2 S5P showed
a V 0.5 of 27.3 ± 0.3 mV and a slope of − 34.4 ± 1.2 mV
(n = 4). These values are much more similar to that
observed for wt rELK2 (see Fig. 1B) and clearly very
different to that for wt hERG (see Fig. 1A and Supplemental
material). These data suggest that residues within the S5P
linker of rELK2 channels are importantly involved in its
altered inactivation characteristics.

Rapid inactivation is ‘gained’ in the rELK2/hERG
S5P chimaera

To investigate whether the inactivation characteristics of
hERG could be transferred to rELK2, we created a chimaera
consisting of the S1–S6 of rELK2 with the S5P linker
of hERG. Injection of the rELK2/hERG S5P chimaera
into Xenopus oocytes resulted in channel expression
leading to resting membrane potentials of−76.7 ± 4.0 mV
(n = 5). Currents were small (maximal current, 48 ± 2 nA
at −50 mV n = 5) and showed retained K+ selectivity
with reversal potentials of −99 ± 3.5 mV. Steady-state
inactivation protocols produced currents that more closely
resembled wt hERG than wt rELK2 (compare Fig. 3A with
Fig. 1Aa and Ab). The currents rapidly inactivated but with
two apparent components to inactivation. This can be
seen from the ‘m’ shaped current–voltage curve in Fig. 3B,
with the first component spanning −140 to ∼0 mV, and
accounting for over 90%, and the second component
from ∼0 to +40 mV (Fig. 3B). The first component
closely resembled wt hERG (Fig. 3C) with a V 0.5 of
−80.0 ± 4.2 mV and a slope factor of −22.6 ± 2.3 mV
(n = 5). While the second component, resembled wt
rELK2 with an apparent V 0.5 of 28.5 ± 2.2 mV and a slope
factor of −8.7 ± 4.1 mV (n = 5, Fig. 3D).

The results from this rELK2/hERG S5P chimaera suggest
that there is more than one component to C-type-like
inactivation in EAG family K+ channels, with one that
involves the S5P linker and is voltage sensitive in the
negative membrane potential range and another as yet
unidentified component that occurs at much more positive
potentials.

The structure of the amphipathic helix in the
S5P linker is predicted to be the same in the hERG/
rELK2 S5P chimaera as in wt hERG (JPred
prediction: www.compbio.dundee.ac.uk, data not
shown) and the hydrophobic residues in this segment are
highly conserved (see upper panel in Fig. 2). There are,

however, significant variations in the hydrophilic residues.
N588 in hERG is replaced with a glutamate in rELK2
and D591 and Q592 are replaced with arginines (see
Fig. 2). To test whether these differences could account
for the different inactivation characteristics conferred by
the S5P linker of hERG and rELK2, we created a hERG
N588E point mutant and a hERG D591R/Q592R
double mutant and studied their inactivation
characteristics.

Charged residues on the S5P linker affect inactivation

Expression of hERG N588E produced rapidly inactivating
currents (Fig. 4Aa). Steady-state current–voltage plots
showed that the mutation shifted the voltage dependence
of inactivation to the left compared to wt hERG, with
an apparent V 0.5 of −109 ± 5.2 mV and slope factor of
−17.3 ± 1.5 mV (n = 5; Fig. 4Ab), while K+ selectivity was
retained (reversal potential, −98 ± 1.8 mV, n = 5).

The hERG D591R/Q592R double mutant, when
expressed in Xenopus oocytes, displayed current
characteristics similar to both wt rELK2 and hERG/
rELK2 S5P (compare Fig. 4Ba with Fig. 1Ab and Fig. 2Ba).
Inactivation was shifted to the right in comparison with
wt hERG and resembled wt rELK with an apparent V 0.5

of inactivation of +28.7 ± 3.3 mV and slope factor of
−10.2 ± 1.4 mV (n = 5, Fig. 4Bb). Reversal potentials
indicated retained K+ selectivity (−89 ± 4.4 mV, n = 5).

The origin of the voltage sensitivity of inactivation in
hERG channels is a hotly debated topic. Until recently it
was thought that the voltage sensitivity of inactivation
was not linked to the voltage sensitivity of activation.
For example, the mutation S631A causes a marked shift
in the voltage sensitivity of inactivation but no change
in the voltage sensitivity of activation (Zou et al. 1998).
Similarly, changes in [Ca2+]o (Johnson et al. 1999) and
temperature (Vandenberg et al. 2006) have very distinct
effects on activation and inactivation. However, based
on a combination of gating-current measurements and
computer modelling, Piper et al. (2003) have suggested
that the voltage sensitivity of inactivation is linked to the
voltage sensitivity of activation. Given the marked shifts in
the voltage sensitivity of inactivation in the S5P chimaera
channels, we investigated the effects these chimaeras have
on steady-state activation. Figure 5 summarizes mean
data for the voltage dependence of activation for wt
hERG, hERG/hEAG S5P, hERG/rELK2 S5P, and N588E
and D591R/Q592R hERG channels. The values for the V 0.5

of activation were not statistically different for any of the
chimaera channels compared to wt hERG.

Charge scanning mutagenesis of the hERG S5P α-helix

The data from the chimaera channels presented above
strongly suggest that altering charge on the α-helix
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segment of the S5P linker in hERG affects the voltage
dependence of inactivation. However, given the small
currents associated with some of the mutant hERG
channels, especially the hERG/rELK2 S5P chimaera, it
is difficult to make quantitative predictions based on
these data. To investigate the influence of charge on
the hERG S5P α-helix in more detail we mutated each
of the hydrophilic residues in the α-helix to either a
negatively charged amino acid (aspartate) or a positively
charged amino acid (lysine). Aspartate and lysine were
chosen as they are the least bulky of the negatively
and positively charged amino acids. Figure 6 illustrates

Figure 3. Steady-state inactivation of rELK2/hERG S5P
A, typical example of currents recorded from rELK2/hERG S5P channels during a steady-state inactivation voltage
protocol (see Fig. 1A). Arrow indicates zero current. B, steady-state inactivation curve for rELK2/hERG S5P indicated
the presence of more than one component to inactivation (n = 5); that is the curve appears to be ‘m’-shaped
rather than ‘n’-shaped as is the case for wt hERG (see Fig. 6 below). The first component spans the region −140 to
∼0 mV and the second component from 0 to +40 mV C, the conductance–voltage plot of the ‘first component’
of rELK2/hERG S5P inactivation ( �) compared to that of wt hERG (dotted line, for data from Fig. 1B). The curve
fitted to the data is a Boltzmann function with a V0.5 of inactivation of −80 mV and a slope factor of −23 mV
(n = 5). D, the conductance–voltage plot of the ‘second component’ of rELK2/hERG S5P inactivation (open circles)
compared to that of wt rELK2 (�, reproduced from Fig. 1b). The curve fitted to the rELK2/hERG S5P data is a
Boltzmann function with a V0.5 of inactivation of 29 mV and slope factor of −9 mV (n = 5).

typical examples of currents recorded from each of the
hERG S5P α-helix lysine mutants, H587K, N588K, D591K
and Q592K. In the case of N588K and Q592K, the
voltage dependence of inactivation was shifted to the
right by over +100 mV, necessitating a change in the
voltage protocol to measure inactivation (see Methods
and legend to Fig. 6). The effect of each of the mutations
(both lysine and aspartate) on steady-state inactivation
are summarized in Fig. 6Ba and Bb. The values for V 0.5

and the slope factors for steady-state inactivation are
shown in the Supplemental material. Mutation of N588
had the most marked effects with a shift of −34 mV
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in the V 0.5 of inactivation for the aspartate mutation
and of +140 mV for the lysine mutation. Mutation of
D591 showed an intermediate phenotype; no effect for
the neutral glutamine mutation but a shift of +84 mV for
the lysine mutation. Mutation of Q592 to lysine resulted
in a shift of +135 mV, which is similar to that shown above
for the hERG/rELK2 chimaera (compare Figs 2B and 6B),
whereas mutation to aspartate resulted in no significant
change in the V 0.5 of inactivation. Mutation of H587
to either lysine or aspartate caused small but significant
negative shifts in the V 0.5 of steady-state inactivation.
It is worth noting that mutation of N588 to aspartate

Figure 4. Steady-state inactivation of hERG N588E and hERG D591R/Q592R
Aa, typical example of currents recorded from hERG N588E channels during a steady-state inactivation voltage
protocol (see Fig. 1A). Arrow indicates zero current. Ab, the conductance–voltage plot of hERG N588E ( �)
compared with wt hERG (dotted line). The curve fitted to the hERG N588E data is a Boltzmann function with
a V0.5 of inactivation of −109 mV and slope factor of −17 mV (n = 5). Data for wt hERG (dotted line) are
reproduced from Fig. 1B. Ba, typical example of currents recorded from hERG D591R/Q592R channels during a
steady-state inactivation voltage protocol (see Fig. 1A). Arrow indicates zero current. Bb, the conductance–voltage
plot of D591R/Q592R (�) compared with wt hERG (dotted line) and wt rELK2 (•). The curve fitted to the hERG
D591R/Q592R data is a Boltzmann function with a V0.5 of inactivation of 29 mV and a slope factor of −10 mV
(n = 5). The data for wt hERG and wt rELK2 are reproduced from Fig. 1B.

or glutamate had very similar effects on steady-state
inactivation. Similarly, mutation of Q592 to lysine had
a very similar effect to the Q592R/D591R mutation on
steady-state inactivation. Thus it would appear that in
these instances it is charge, rather than the side chain of
the mutant that is important.

In contrast to the very marked effect some of the
S5P α-helix charge scan mutants had on the voltage
dependence of inactivation, these mutants had only very
small effects on the voltage dependence of steady-state
activation (see Fig. 7). With the exception of D591Q
channel, which had a modest positive shift in the
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reversal potential, the S5P α-helix charge scan mutants
did not show significant shifts in reversal potential (see
Supplemental material).

Overall, the effect of the charge scan mutants indicate
that N588 and Q592 were high-impact residues, D591 was
an intermediate-impact residue and H587 a low-impact
residue. Figure 8 illustrates a molecular model of the
hERG S5P a-helix, using the NMR structure co-ordinates
(PDB: accession number 1UJL, Torres et al. 2003) where
the hydrophilic residues are colour-coded according to the
impact of the lysine mutant on the V 0.5 of steady-state
inactivation (red corresponds to a V 0.5 of +70 mV, and
yellow to a V 0.5 of −100 mV). Mutation of any of
the hydrophobic residues (shown in white in Fig. 8)
results in non-functional channels or severe disruption
of inactivation (Liu et al. 2002). The two orthogonal views
of the S5P α-helix structure show that the high-impact
residues clearly line up on one face of the helix adjacent to
the hydrophobic face and opposite to the low-impact face
of the helix. D591 (intermediate impact) lies between the
high- and low-impact surfaces.

Discussion

Inactivation of EAG channel family members
is affected by the S5P linker

The human EAG family of channels consists of EAG,
ERG and the EAG-like or ELK channels. The hELK2
and hEAG show reduced or no C-type-like inactivation
in comparison to hERG channels (Meyer & Heinemann,
1998; Camacho et al. 2000; Becchetti et al. 2002), yet both
channels contain the long S5P linker that is important for
fast inactivation of hERG (Liu et al. 2002; Torres et al.
2003).

Previous cysteine scanning mutagenesis studies of the
S5P α-helix of hERG have shown that this region is crucial
for inactivation (Liu et al. 2002). The importance of the
hydrophobic residues in this region was also suggested
by the fact that they are almost completely conserved
among all family members (see Fig. 2 and Torres et al.
2003). In this study, replacement of the S5P α-helix of
hERG channels with the homologous region from hEAG
led to a chimaera with inactivation characteristics very
similar to those of wt hERG. This suggests that the lack
of inactivation in hEAG channels is not due to residues
within the S5P α-helix, as also suggested by Ficker et al.
(1998) and Herzberg et al. (1998). Rather, the differences in
inactivation between hERG and hEAG appear to be due to
differences in pore-helix residues, namely: Ser620 which
is a threonine in hEAG and Ser631 which is an alanine
in hEAG (Schönherr & Heinemann, 1996; Herzberg et al.
1998; Ficker et al. 1998, 2001).

In contrast to the results with the hERG/hEAG chimaera,
the replacement of hERG S5P α-helix with the homo-

logous region of the rELK2 channel led to a chimaera with
inactivation characteristics more closely resembling wt
rELK2 channels than wt hERG. Furthermore, replacement
of the rELK2 S5P α-helix with that of hERG led to a
chimaera with inactivation characteristics more closely
resembling wt hERG. The residues in rELK2 that
correspond to Ser620 and Ser631 of hERG are both serines.
This suggests that in the presence of these serines the hERG
S5P α-helix can have significant effects on inactivation.
However, in hEAG channels, the absence of those serines
has a dominant effect over the S5P α-helix.

Voltage-dependence of inactivation of EAG family
channels is modulated by charged residues
on S5P α-helix

Most of the residue changes that occur within the α-helical
region when replacing hERG S5P with rELK2 S5P involve
changes in charge. These are asparagine (N) 588 to a
glutamate (E) and the presence of two positively charged
arginine residues (R) rather than an aspartate (D) and
a glutamine (Q) at positions 591 and 592, respectively.
Mutation of hERG D591 and Q592 to arginines (the
homologous residues in wt rELK2) alone led to functional
channels that closely resembled wt rELK2 channels.
Mutation of N588 to a negatively charged glutamate (the
homologous residue in rELK2 channels) gave rapidly
inactivating currents, with the voltage dependence of
inactivation shifted to more negative potentials. These
changes for hERG N588E are in the opposite direction
to those observed when the entire α-helical region of
hERG was replaced with that of rELK2, suggesting that the
presence of positive charges in the C-terminal half of the
S5P α-helix has the dominant influence on inactivation.

Figure 5. Steady-state activation for hERG/hEAG/rELK2
chimaeras
Conductance–voltage curve for wt hERG (�), hERG/hEAG S5P chimera
(�), hERG/rELK2 S5P chimera (�), hERG N588E (•) and hERG
D591R/Q592R (�) activation. Data points are mean ± S.E.M. and the
curves fitted to the data are Boltzmann functions. None of the
chimaeras caused a significant shift in steady-state activation
compared to wt hERG. Full data for V0.5 and slope of the Boltzmann
fits are listed in the Supplemental material.
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Figure 7. Steady-state activation for charge scan mutants of hERG S5P α-helix
Conductance–voltage curves for charge scan lysine mutants (A) and aspartate mutants (B). Data points are
mean ± S.E.M. for H587 (�), N588 (•), D591 (�) and Q592 (�) mutants. The dotted line represents wt hERG
steady-state activation. Curves fitted to the data are Boltzmann functions. Mutation of S5P hydrophilic residues to
lysine or aspartate caused only small shifts in V0.5 of steady-state activation. The largest shifts were observed with
the N588K and H587D mutants which shifted steady-state activation +15 and −15 mV, respectively, compared to
wt hERG. Full data for V0.5 and slope of the Boltzmann fits are listed in the Supplemental material.

To investigate in more detail the possible role of
charge on the hERG S5P α-helix on the inactivation
characteristics of the channel, we systematically mutated
each charged hydrophilic residue in the α-helix to either
a positive charge (lysine) or a negative charge (aspartate).
These results indicate that altering the charge at residue
N588 or Q592 had a major impact on the voltage
dependence of inactivation, altering charge on D591 had
an intermediate impact but altering charge on H587 had
little impact (see Fig. 6). These data are entirely consistent
with the hERG/hEAG and hERG/rELK2 chimaera data.
In the hERG/rELK2 chimaeras, residues were changed to
arginine and glutamate but in the charge scan mutagenesis
residues were changed to lysine or aspartate. The similarity
of the results therefore suggests that it is the charge rather
than the particular side chain that is important.

It is significant that the two residues in the hERG
S5P α-helix that, when mutated, had the highest
impact on inactivation are located on the same face of
the three-dimensional structure of the α-helix (Fig. 8).
Conversely, H587, the residue where mutations had the
least impact on inactivation, points in the opposite

Figure 6. Steady-state inactivation for charge scan mutants of hERG S5P α-helix
A, typical examples of currents recorded from wt hERG, H587K, N588K, D591K and Q592K channels during a
steady-state inactivation voltage protocol (see Fig. 1A). Arrow indicates zero current. Each representative trace
is accompanied by a graph illustrating the current–voltage relationship for that mutant. B, conductance–voltage
curves for charge scan lysine mutants (a) and aspartate mutants (b). Data points are mean ± S.E.M. for H587 (�),
N588 (•), D591 (�) and Q592 (�) mutants. The dotted line represents wt hERG steady-state inactivation. Curves
fitted to the data are Boltzmann functions. Full data for V0.5 and slope of the Boltzmann fits are listed in the
Supplemental material.

direction. Furthermore, these two faces are separated by
the hydrophobic face of the hERG S5P α-helix. Based on
this distribution of residues we propose that inactivation of
hERG channels involves the interaction of the S5P α-helix
with the remainder of the pore domain of the channel,
with the surface formed by N588, Q592 and the adjacent
hydrophobic residues forming the interaction surface on
the S5P α-helix (see Fig. 8).

There are three additional points of interest from
the charge scanning mutagenesis data. Firstly, with the
exception of the D591Q channel, which had a modest
positive shift in the reversal potential, the S5P α-helix
charge scan mutants did not show significant shifts in
reversal potential (see Supplemental material). This is
in contrast to the majority of the S5P α-helix cysteine
that had marked changes in reversal potential (Liu et al.
2002). It has subsequently been shown that the majority
of these S5P α-helix cysteine mutants form intersubunit
disulphide bonds (Jiang et al. 2005) and thus have
significantly disrupted outer pore structure. In the charge
scan mutants, the maintenance of selectivity for K+ over
Na+ suggests that none of these mutants have caused a
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major perturbation to the outer pore structure of the
channel.

Secondly, in our hands we found that mutation of H587
to lysine had only a small impact on inactivation, whereas
a previous study reported that this mutation resulted in
abolition of inactivation (Dun et al. 1999). We have since
tested the H587K clone used by Dun et al. (1999) and
found that it contains a second mutation G604D, which,
based on a previous analysis by this group of the entire
S5P linker region, is a high-impact position (Liu et al.
2002) and so could account for the phenotype in their
clone. However, it is important to point out that whether
H587K has a small negative shift in the V 0.5 of steady-state
inactivation (our data) or disrupts inactivation (Dun et al.
1999) does not impact on any of the previous conclusions
with regard to the role of H587 in HERG function (i.e.
the S5P linker is important for inactivation; Dun et al.
1999; Liu et al. 2002) and H587 is not involved in H+

sensing (Jiang et al. 1999). The nature of the phenotype for
H587K does, however, have important consequences for
our study. The distribution of the high- and low-impact
positions on the three-dimensional structure of the S5P
α-helix is clearly much more consistent with H587K
having little effect on steady-state inactivation (see
Fig. 8).

Thirdly, charge mutations of N588 have been reported
in patients with long QT syndrome (N588D, Splawski
et al. 1998) and short QT syndrome (N588K, Brugada

Figure 8. Distribution of the impact of charge mutants on the
three-dimensional structure of hERG S5P α-helix
Orthogonal views of a space filling model of the hERG S5P α-helix,
based on NMR structure of S5P linker (PDB: accession number 1JUL),
with side chains colour-coded according to the effect lysine mutants
have on the V0.5 of steady-state inactivation. Hydrophobic residues are
shown in white.

et al. 2004). There are no previously reported data for
the cellular phenotype of N588D. Our data are consistent
with a loss of function; that is, the negative shift in
V 0.5 of inactivation would mean that the channels would
be almost completely inactivated at the normal resting
membrane potential. The most significant effect we
observed for the N588K mutation, a large positive shift
in V 0.5 of inactivation, is consistent with previous reports
(Cordeiro et al. 2005; McPate et al. 2005) and again
consistent with the clinical phenotype, in this case short
QT syndrome.

Summary

The data presented here, clearly confirm an important
role for the S5P α-helix in inactivation of hERG K+

channels. Clearly, this cannot be the whole story as Ser631
(Schönherr & Heinemann, 1996; Smith et al. 1996) and
Ser620 (Ficker et al. 1998; Herzberg et al. 1998) are also
very important for inactivation. There is no doubt that the
mechanisms underlying the rapid inactivation in hERG
channels are complex and therefore still remain elusive.
Although the structure of the α-helix of the S5P linker is
known (Torres et al. 2003), its orientation and possible
interaction with other regions of the protein remain
unknown but must be elucidated before the role that the
unique S5P linker plays in inactivation of hERG channels
can be fully understood. Our data, however, provide some
very important clues in this regard. The alignment of N588
and Q592, the two high-impact residues, on one side of the
S5P α-helix strongly suggests that this face interacts with
the remainder of the channel. Furthermore, we suggest
that there is likely to be a charged residue close to this
site of interaction. There are then two possibilities; this
charge is either positive or negative. If it is a positive charge
near the site of interaction between N588/Q592 and the
remainder of the channel then the addition of positive
charge to N588/Q592 is destabilizing an interaction that
takes place in the inactive state. Conversely, if it is a negative
charge near the site of interaction between N588/Q592 and
the remainder of the channel then the addition of a positive
charge to N588/Q592 is stabilizing an interaction in the
non-inactivated state.

There are nine charged (five positive and four negative)
residues present in the remainder of the outer pore region
of hERG: E575, D580, R582, K595, K608, D609, K610,
E637 and K638. Which of these charges are important
for inactivation remains to be determined. However,
mutations of R582, D609, E637 and K638 have all been
identified as causes of congenital long QT syndrome
(Jongbloed et al. 1999; Splawski et al. 2000; Hayashi et al.
2002) and therefore may lie adjacent to the point of
interaction between the S5P α-helix and the remainder
of the hERG channel.
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